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Abstract 

Assuming the Higgs triplet model, we obtain the bounds on the absolute neutrino mass 
and the unknown MNS parameters by measuring decay processes of doubly charged particles 
at the CERN LHC. Majorana CP violating phases affect the prediction rather seriously which 
is served to restrict these phases. 
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1 Introduction 



Presently, observation of the Major ana nature of neutrinos and the absolute value of the neutrino 
mass is indispensable for constructing a concrete model for particle physics beyond the standard 
model (SM). For instance, renormalizable minimal SO(IO) GUT predicts all of the parameters of 
the Maki-Nakagawa-Sakata (MNS) lepton mixing matrix [Ij including the Dirac and Majorana 
phases unambiguously which plays an essential role to match up with the neutrino oscillation 
data [2j. However, these phases are still left unknown and the experimental observation of 
them is an important issue for near future experiments. The GUT model is the comprehensive 
theory and must explain the whole range of particle physics. On the other hand, the Higgs 
triplet model (HTM) [3J is the simplest extension of the SM which invokes the new phenomena 
of lepton physics. The HTM may be rather restrictive and may be interpreted as an effective 
theory. However, it makes us easier to extract an essential point of new physics if it works well. 
The HTM is also very interesting because it gives sizable effects on low energy lepton physics. 

In [4J we showed that the HTM enables us to detect the Majorana property by the pre- 
cise measurement of the usual muon decay. The interference terms in muon decay due to the 
Majorana property were first discussed in [5j, but the detection of them was far beyond the 
present upper bound. On the contrary, the HTM gives a rather marginal value to the present 
precision order. In the literatures [6J it was discussed that the unknown MNS parameters may 
be solved by the observations at the CERN Large Hadron Collider (LHC) if the HTM works 
well. In the previous paper ^ we published a brief report on determining the lower bound of 
the minimal neutrino mass, equivalently, the absolute neutrino masses by measuring the ratio 

of decay widths of doubly charged Higgs boson to leptonic channels, p^^^ -^^il) ' LHC. 

There it was shown that the Majorana phases play an essential role allowing this ratio to be 
both larger and smaller than 1. In this paper we develop the arguments in more detail and more 
general than [7J. 

In Sec. 2, we briefly explain the HTM and experimental situations on the considering process 
at the LHC. The lepton mixing matrix and the neutrino mass hierarchy are examined in Sec. 3. 
Numerical calculations are presented in Sec. 4. Finally, Sec. 5 is devoted to discussions. 

2 The Higgs triplet model 

The neutrino-Higgs coupling in the HTM is given by 

^HTM = L^hu ir2AL + H. c. (2.1) 

Here L = (vliIl)^ and L*^ = CL , and neutrinos are required to be Majorana particles. The 
symmetric 3x3 matrix {hM)w (^5 — ^5 ^) is the coupling strength and Ti{i = 1, 2, 3) denote 
the Pauli matrices. The triplet Higgs boson field with hypercharge y = 2 can be parameterized 



by 

(A+/V2 A++ 
+ -A+/V2 

where is the vacuum expectation value of the triplet Higgs boson. Mass eigenvalues of 
neutrinos are determined by diagonalization of = \/2h^v^. There is a tree level contribution 
to the electroweak p parameter from the triplet vacuum expectation value as p « 1 — 2v\/v^ . 
The CERN LEP precision results can give an upper limit '^^ ^ 5 GeV. There is no stringent 
bound from the quark sector on triplet Higgs bosons because they do not couple to quarks. 
The Yukawa interaction of the singly and the doubly charged Higgs bosons is written as 

C^ = - V2{hlu)aI2NfA- 

-(^LVVVA--+H.c., (2.3) 

where 

hj^ = Umf'^U^ /iV2v^) ^ {m,)„, /{V2v^), (2.4) 

and Ni{i = 1, 2, 3) represent Majorana neutrinos which satisfy the conditions Ni = A^^^ — CNi . 
The most stringent constraint on the triplet Yukawa coupling comes from eee through the 
tree-level contribution due to the doubly charged Higgs boson [8J. Thus the peculiar properties 
of the HTM appear in the processes of the doubly charged Higgs. Among them, we have a 
sizable cross section of A++ IJb for m/\ = O(IOO) GeV, and the decay width of the doubly 
charged Higgs boson to this leptonic channel is given by 




r(A++ ^ = 4^(i^_^) l^afc|W+, (2.5) 

where / = 1(0) for a = 6 (a ^ 6). 

Searching for the neutrino mass in the HTM at the LHC was discussed in [6J, where the 
event numbers were estimated at the scheduled energy and luminosity. Unfortunately, the LHC 
was forced to lower the energy scale 10 Tev and the luminosity 10^^ cm~^s~-^. The cross section 
for pp A++A — , 



for = 14TeV is reduced to 



99 fb for m^++ = 200GeV, 

5.9 fb for m^++ = 400GeV, 

53 fb for mA++ = 200GeV, 

2.6 fb for mA++ = 400GeV, 



(2.6) 



(2.7) 



for = 10 TeV [7]. 



The first 100-day run at low luminosity resulted the integrated luminosity 10 fb~^. So we 
may have a sizable number of events even in this case, though the final number of events 
depends on the Br (A II). The decay width to the other channel, WW channel is 



r(A- 



cva^ 



(2i 



(full expression is given in [9]) and the branching ratio is given by 



|2 + 4:C^V\ 



(2.9) 



Here we have neglected A VF~A~, A A~A~ since we assumed — ^ ^a-- 

Otherwise the Higgs triplet gives too large loop correction to p parameter [lOj. The estimate 
of (12.51) and fl2.8l) indicates that fl2.5l) is the dominant process. In order to circumvent the 
ambiguous factors rriA and v/^^ let us consider the ratios 



r(A- 



r(A- 



ee) 



/i/i) 



Me 



(2.10) 



r(A- 



r(A- 



/ie) 



Here the averaged masses {tUj^)^^ (a, h — e^ji^ r) are defined by 



(2.11) 



(2.12) 



where Uai {i = 1, 2, 3) are the components of the MNS lepton mixing matrix and rrii {i — 1, 2, 3) 
are the neutrino masses. We have defined the averaged mass without an absolute symbol unlike 
the conventional one since Km is symmetric and complex matrix in general. 



3 Lepton Mixing matrix and neutrino mass hierarchy 



We know that the MNS lepton mixing matrix U is well approximated by the tribimaximal matrix 



which is supplemented with the Majorana phases, (3 and p. If we neglect the Majorana phases, 
it is a special case of the fi — r symmetric model [12j, 



U 



Cl 



Sl 



\ 



1 

V2 



(3.2) 



V2 J 



with sin0i2 = 51 = ^^ and cos0i2 = ci = y |. Equation (|3.2I) satisfies the fi — r symmetry in 
more general form than (|3.1I) . 

We have assumed so far the tribimaximal approximation (|3.1I) with a vanishing (1,3) ele- 
ment, that is ^13 = 0. In this case we have 



Br, 



(3.3) 



irrespectively of ^12. The Majorana phases with (3 ^ p break the p — r symmetry, but the above 
relations still hold since the corresponding averaged masses are equal up to the overall phase. It 
should be noticed that we have no approximation for the Majorana phases but have the small 
effects of and, therefore, of the Dirac phase. Also we may have some small deviation from 
sin6>i2 

In this paper, we first approximate the MNS lepton matrix as (13.11) . and proceed to extend 
it to the ^13 7^ case. We obtain a generalized lepton mixing matrix which tends to the 
tribimaximal one in the limit of ^13 = 0, 



U 



( 



\ 



1 _ /Ip^^ 

6 '^V 3^ 



-ip 



1J(3 



yiS] g-i(p-/3) 



se 



i{p-S) \ 



) 



(3.4) 



where s = sin0i3, c = cos0i3, and the 5 is the CP violating Dirac Phase. 

In numerical analysis, we use experimental values of neutrino mass squared differences fT3], 
Am'^^l and Am^^^ with assuming the normal and the inverse hierarchy for neutrino masses: 

For the normal hierarchy (NH) case, the neutrino masses are given by 



mi = mo, m2 = 



rrin + Ami 



soV 



ms 



ml + Aml^i + Am 



2 

atmi 



where the smallest neutrino mass is denoted as mo- 

For the inverse hierarchy (IH) case, the neutrino masses are given by 



(3.5) 



^3 = ^0, ^2 



m, 



+ ^^Itm - ^^loV 



m, 



where the smallest neutrino mass is denoted as mo, as before. 

We adopt the center values of the neutrino mass squared differences 



as 



Am 



sol 



^.0 it 0.3) X 10"^ eV^ Am| 



2 

atm 



(1.9 - 3.0) X 10-2 eV^ 



(3.6) 



(3.7) 



4 Numerical Calculations 



Let us consider the following ratios for the decay widths of the doubly charged Higgs boson to 
leptonic channels including e and jj, flavors 

r(A— ^ ee) 

r(A~ ^ fin) 



r(A- ^ efi) 

r(A~ ^ /xm) 

The ratios defined by Eqs. (l4.1l) and (14.21) are functions of three parameters, namely, the smallest 
neutrino mass mg, and the CP violating Majorana phases and p if the mixing angles and 
the Dirac phase 6 are fixed. Therefore, a measurement of the ratio at the LHC will lead us to 
a constraint among these three parameters. That is, given the ratio of (14.11) . and so on, the 
lower bound of uiq is obtained as the minimum value of uiq when we make (3 and p run over all 
possible values both in the NH and the IH cases for the neutrino mass hierarchy. Note that for 
the tribimaximal mixing case with = the Dirac phase 6 does not appear. 

In our previous paper [7J, we focused only on the ratio of (14. ip in the tribimaximal mixing 
case with 0is = 0. This behavior is presented in Fig. 1(a) and Fig. 1(b) for the NH and the IH 
cases, respectively. The nonshaded area in Fig. 1 is allowed, and is obtained by running over 
all possible values of (3 and p. Namely, it is shown [7] that the measurement of the ratio at the 
LHC will fix the lower bound of the smallest neutrino mass mg. This is an interesting feature 
of the HTM. 

In the present paper, we consider effects due to ^13 7^ and other aspects of the model. In 
Fig. 2 and Fig. 3, we present allowed regions in the plane of the ratio y{A--^^% ^0 by 
taking sin^^ia = 0.05 and 5 = for the NH and IH cases for the neutrino masses. The nonshaded 
area is allowed, and is obtained by running over all possible values of /? and p, as before. We 
find that effects due to 0is ^ make the lower bound of the neutrino mass ttiq smaller for NH 
and larger for IH as shown in Fig. 2. 

In Fig. 3, we show an enlarged version of Fig. 2. It should be noted that the ratio can be 

either larger or smaller than one. It is interesting enough that for ^j-^ < 0.1 it appears 

not only the lower bound but also the upper limit of the smallest neutrino mass uiq for the NH 
case (Fig. 3(a)). For the IH case (Fig. 3(b)), the range over which the lower bound disappears 
is enlarged relatively to the case of sin^ia = of Fig. 2(b). 

Considering the other channel A /ie, we also show the results of (14. 2p in Fig. 4 and 
Fig. 5. 

So far we have considered the constraint on the smallest neutrino mass ttiq. The decay 
ratios of the doubly charged Higgs are also served to determine the other MNS parameters. 
For instance, if we fix ttiq with zero 0is and measure the ratios, we obtain constraints on the 
Majorana phases of (3 and p, some examples of which are shown in Fig. 6. 



(4.1) 



(4.2) 



One ratio of the decay widths, for instance (14.11) . gives one constraint among mg, /5, and p 
for the = case. Another different ratio, (14.21) also gives an independent another constraint. 
Therefore if we fix mo [14j, we can determine the values of (3 and p from the intersections of the 
contour curves of two independent ratios, some examples of which are shown in Fig. 7. 

5 Discussions 

We have obtained the lower bound on the smallest neutrino mass mg by considering the decay 
processes of the doubly charged particle to leptonic channels at the LHC. In these calculations, we 
have approximated the MNS matrix by the tribimaximal one supplemented with the Majorana 
phases. This approximation has been relaxed to accept nonzero ^13, and we considered its effect 
on the estimation of mo- 

However these considerations are not only restricted on the bound of mo but also on the 
constraint on the Majorana phases as shown in Fig. 6 and Fig. 7. Also we may be able to prove 
the p — T symmetry by examining (|3.3I) . 

The full MNS parameters are widely analyzed by from the various experiments such 
as single beta decay ^4j, neutrinoless double beta decay fl6j and so on. Now the LHC and 
long baseline experiments [T7] enter into this survey. The constraints from these independently 
different experiments are crucial to the final determination of the MNS parameters. 
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cited from [7J. The nonshaded area is allowed, and is obtained by running over all 
possible values of /? and p. (a) Normal hierarchy case for the neutrino mass with 
sin^0i3 = case, (b) Inverse hierarchy case for the neutrino mass with sin^^ia = 
case. 



^ » 



^ 2(1 

— w 



[ /■ 


ir 1 








NH, S ^=0 c^-s# 



a. 



» 



{LAS 



(eV) 



4UH 



IH.S^=0 05 £ fl=0 




fH. S =0 ease ; 
(border curve) 



r(A- 



Fig. 2 Behavior of 



■>ee) 



versus mo in the case of sin^^ia = 0.05 



and 5 = 0. The nonshaded area is allowed, and is obtained by running over all 
possible values of [3 and p. (a) and (b) are for the normal and the inverse hierarchy 
cases, respectively. The result of Fig. 1 is overwritten to show the effect of ^13. 




ib) 



mo m 



7 



Fig. 3 The same figure as Fig. 2 but with enlarged scales for the case of sin^0i3 = 
0.05 and 5 = 0. (a) and (b) are for the normal and the inverse hierarchy cases, 
respectively. 
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Fig. 4 Behavior of ^^t^) 



versus mg in the case of sin^^ia = 0. 



The nonshaded area is allowed, and is obtained by running over all possible values of 
P and p. (a) and (b) are for the normal and the inverse hierarchy cases, respectively. 
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Fig. 5 Behavior of 



{mu). 



versus mo in the case of sin^0i3 = 0.05 



and 5 = 0. The nonshaded area is ahowed, and is obtained by running over ah 
possible values of f3 and p. (a) and (b) are for the normal and the inverse hierarchy 
cases, respectively. The result of Fig. 4 is overwritten to show the effect of 9is. 
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Fig. 6 Contour curves of 
eV (panel 1) and tuq = 0.01 eV (panel 2) with sin^0i3 = 0. Indices a and b indicate 
the normal and the inverse hierarchy cases, respectively. For the normal hierarchy 

cases (al) and (a2), curves with < 7.1 and ^^^j < 0.1128 are 

allowed for mg = 0.1 eV and mo = 0.01 eV, respectively. For the inverse hierarchy 

cases (bl) and (b2), curves with ^^^j < 79.3 and ^^ll!) ^ allowed 

for mo = 0.1 eV and mo = 0.01 eV, respectively. 
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Fig. 7 Contour curves of ^^^j (P^^^^ 1) r{A--^^lL) (P^^^l 2) in the 

- p plane for the case of mo = 0.01 eV with sin^^ia = 0. Indices a and b indicate the 
normal and the inverse hierarchy cases, respectively. On condition that we measure 
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^/i/i) r{A--^^% ' determine values of the Majorana phase 

and p from the intersections of the contour curves of (al) and (a2) for the normal 
hierarchy case, and of (bl) and (b2) for the inverse hierarchy case, respectively. 



